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Over the last 200 years, genetic resources of forest trees have been increasingly transferred, within and
outside of species’ native distribution ranges, for forestry and for research and development (R&D). Trans-
ferred germplasm has been deployed to grow trees for numerous purposes, ranging from the production
of wood and non-wood products to the provision of ecosystem services such as the restoration of forests
for biodiversity conservation. The oldest form of R&D, provenance trials, revealed early on that seed ori-
gin has a major inﬂuence on the performance of planted trees. International provenance trials have been
essential for selecting seed sources for reforestation and for improving tree germplasm through breeding.
Many tree breeding programmes were initiated in the 1950s, but as one round of testing and selection
typically takes decades, the most advanced of them are only in their third cycle. Recent advances in forest
genomics have increased the understanding of the genetic basis of different traits, but it is unlikely that
molecular marker-assisted approaches will quickly replace traditional tree breeding methods. Further-
more, provenance trials and progeny tests are still needed to complement new research approaches. Cur-
rently, seed of boreal and temperate trees for reforestation purposes are largely obtained from improved
sources. The situation is similar for fast growing tropical and subtropical trees grown in plantations, but
in the case of tropical hardwoods and many agroforestry trees, only limited tested or improved seed
sources are available. Transfers of tree germplasm involve some risks of spreading pests and diseases,
of introducing invasive tree species and of polluting the genetic make-up of already present tree popu-
lations. Many of these risks have been underestimated in the past, but they are now better understood
and managed. Relatively few tree species used for forestry have become invasive, and the risk of spread-
ing pests and diseases while transferring seed is considerably lower than when moving live plants. The
implementation of the Nagoya Protocol on access to genetic resources and beneﬁt sharing (ABS) may sig-
niﬁcantly change current transfer practices in the forestry sector by increasing transaction costs and the
time needed to lawfully obtain forest genetic resources for R&D purposes. Many countries are likely to
struggle to establish a well-functioning ABS regulatory system, slowing down the process of obtaining
the necessary documentation for exchange. This is unfortunate, as climate change, outbreaks of pests
and diseases, and continual pressure to support productivity, increase the need for transferring tree
germplasm and accelerating R&D.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Genetic resources of forest trees have been used and transferred
by humans for millennia. The ancient Greeks and Romans played a
signiﬁcant role in spreading Castanea sativa and its cultivation from
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casus) to other parts of Europe (Conedera et al., 2004). In Africa,
temple art at Deir El Bahari in Egypt dating from around 1500 BC
shows potted Boswellia sp. seedlings being loaded onto ships for
transport from the Land of Punt (present day Somalia) to Egypt
(see Harlan (1975) and references therein). Tectona grandis was
introduced from Laos to the island of Java in Indonesia by Hindu
travellers between the 14th and 16th centuries, if not earlier, and
from North India to Africa by the Germans at the end of the 19th
century (Verhaegen et al., 2010). In the 18th century, seeds of Pinus
sylvestris, Picea abies, Larix decidua and Quercus spp. were widely
traded across European countries (Tulstrup, 1959). Exploration by
Europeans in Australia and North America in the 19th century also
resulted in international transfers of tree germplasm (i.e., seed, cut-
tings or other propagating parts of a tree) for forestry purposes, and
such exchange continues to this day (Grifﬁn et al., 2011).
In addition to being driven by the uses of various species, the
transfer of tree germplasm has been inﬂuenced by the prevailing
mind sets of different historical and political eras (Carruthers
et al., 2011). During the mid- to late-colonial period from the
19th century to the mid-20th century, tree germplasm was trans-
ferred to ‘‘improve’’ both the aesthetic value of landscapes and
their economic productivity. The economic aspects were further
emphasized during the period of post-colonial national develop-
ment in many countries over much of the 20th century, during
which time tree germplasm was transferred for establishing
large-scale plantations to supply raw material for industrial mod-
ernization. Since the 1980s, tree germplasm has been increasingly
transferred under the banner of sustainable development to
improve the livelihoods and environments of smallholders and
local communities (Graudal and Lillesø, 2007).
Before proceeding further, a note on terminology is necessary.
The movements of trees and other plants were categorised by
Kull and Rangan (2008) into three processes, namely transfer, dif-
fusion and dispersal. The ﬁrst two of these they classiﬁed as
human-mediated, deﬁning ‘‘transfer’’ as transoceanic or other
large-scale movements of germplasm, while with ‘‘diffusion’’ they
referred to movements at national or local scales. With ‘‘dispersal’’,
Kull and Rangan (2008) referred to the movement of reproductive
material by biotic and abiotic agents. We recognize the utility of
this classiﬁcation, but the border between ‘‘transfer’’ and ‘‘diffu-
sion’’ is sometimes difﬁcult to deﬁne. Therefore, in this paper we
use the term ‘‘transfer’’ for all human-mediated movements of tree
germplasm, regardless of geographical scale.
The transfer of tree germplasm has shaped the management,
ecology and genetic diversity of forests, both planted and natural,
in many parts of the world. Transferred germplasm has been used
to grow trees for numerous purposes, ranging from the production
of wood and non-wood products to the provision of ecosystem ser-
vices including the restoration of forests for biodiversity conserva-
tion. This has brought economic and environmental beneﬁts, has
increased food security and alleviated poverty in many regions,
and has created incentives for conserving forest genetic resources
(Dawson et al., 2014, this special issue). In many countries, the
transfer of tree germplasm has increased investments (at least in
the short-term) in research and development (R&D). Furthermore,
the establishment of research trials has promoted international
collaboration and the sharing of information.
The transfer of tree germplasm has, however, also raised con-
cerns, such as the potential for spreading pests and diseases, and
that introduced tree species may become invasive. Over the last
decades, research and debate on alien invasive species and their
effects on biodiversity and livelihoods have expanded to such an
extent that Carruthers et al. (2011) considered ‘invasion biology’
as the newest ethos in the history of plant introductions. Climate
change is likely to alter the suitable distribution range of many treespecies, while their natural dispersal dynamics are often limited by
natural barriers or human activities. This has led to a debate on
assisted migration (i.e., the intentional movement of species within
or outside their historical ranges to mitigate observed or predicted
biodiversity losses as a result of climate change) that is closely
linked to the debate on invasive species (e.g. Hewitt et al., 2011;
Alfaro et al., 2014, this special issue). Although such debate has
often been subjective, it has increased awareness of the necessity
of evaluating risks and beneﬁts more carefully.
In 2010, the tenth Conference of Parties to the Convention on
Biological Diversity (CBD) adopted an international agreement
called the Nagoya Protocol on Access to Genetic Resources and
the Fair and Equitable Sharing of Beneﬁts Arising from their Utili-
zation (access and beneﬁt sharing arrangements are known by
their acronym ABS). This agreement will enter into force on 12
October 2014. The implementation of the Nagoya Protocol is left
to individual Parties (i.e., national governments), which, unfortu-
nately, have had a poor track record in implementing earlier ABS
measures (CBD, 2014). The ‘‘utilization of genetic resources’’ is
deﬁned rather narrowly in the Nagoya Protocol, meaning ‘‘to con-
duct research and development on the genetic and/or biochemical
composition of genetic resources, including through the applica-
tion of biotechnology’’ (CBD, 2011). The protocol does not apply
therefore to the use of genetic resources for purely production pur-
poses, such as raising seedlings and planting them for forestry in
the way that it does to R&D.
In this article, we ﬁrst provide an overview of the past human-
mediated transfer of forest genetic resources since the beginning of
provenance research, focusing on examples of tree species which
are important in forestry around the world, and which provide
both wood and non-wood products. These examples include: (1)
temperate and boreal trees in the northern hemisphere, (2) fast-
growing tropical and subtropical plantation trees, (3) high-value
tropical hardwoods; and (4) agroforestry trees. We then summa-
rize past experiences in utilizing the genetic resources of these
trees, both for production and R&D purposes (i.e., we use a broader
deﬁnition of ‘‘utilization’’ than that of the Nagoya Protocol), and
the associated concerns. Finally, we discuss future challenges
related to germplasm utilization and transfer in the forestry sector,
including the implications of the Nagoya Protocol. The ﬁndings and
conclusions of this paper draw on an earlier report we prepared for
the Food and Agriculture Organization of the United Nations (FAO)
on the same topic (Koskela et al., 2010), as well as on relevant new
literature and on our collective experience on the conservation and
use of forest genetic resources.2. Transfer of forest genetic resources: an historical overview
2.1. Temperate and boreal trees in the northern hemisphere
By 1850, deforestation had reduced average forest cover in Eur-
ope to an estimated 20% of land (Kaplan et al., 2009). Already in the
late 18th century, several European countries had started large-
scale reforestation efforts to stop this forest decline and the conti-
nent’s forest cover subsequently started to increase during the
19th and 20th centuries (Mather, 2001). The transition from defor-
estation to reforestation created a strong demand for forest tree
seed. In many countries, however, the remaining forests could
not meet the high demand and seed had to be sourced from other
nations. As a result, large quantities of L. decidua, P. abies, P. sylves-
tris and Quercus spp. seed were transferred across Western and
Central Europe throughout the 19th century and into the early
20th century (Tulstrup, 1959). The use of tree species introduced
into Europe also played an important role in these historical refor-
estation efforts (e.g., Kjaer et al., 2014).
24 J. Koskela et al. / Forest Ecology and Management 333 (2014) 22–34High demand for seed created an interest in the role of seed ori-
gin in reforestation efforts. Provenance research started with tem-
perate and boreal trees in the mid-18th century when the ﬁrst ﬁeld
tests of different P. sylvestris seed sources were established in Eur-
ope (Langlet, 1971). By the late 18th and early 19th centuries,
provenance research had demonstrated that seed source has a
major inﬂuence on the performance of planted trees (König,
2005). Furthermore, the ﬁrst basic principles for introducing tree
species and provenances from North America to Germany, empha-
sizing the matching of climatic and other site conditions, were
published in 1787 (Langlet, 1971). Increased knowledge on various
species and provenances slowly started to shape the nature of the
demand for tree seed. Provenances with speciﬁc phenotypic traits
(e.g., good stem form and late ﬂushing), such as Quercus robur from
Slavonia (Sabadi, 2003) and P. abies from Westerhof (Giertych,
2007), became sought after and these were widely transported
across Europe. The selection of seed sources during this early per-
iod was, however, not always undertaken systematically. Some
reforestation efforts failed as a result, and several countries
attempted to restrict the use of imported seed in the late 19th
and early 20th centuries (König, 2005). In the 19th century, more
systematic exploration efforts were also extended to North Amer-
ica, and large quantities of seed of many trees from that region
were shipped to other areas. Interestingly, several North American
tree species were tested for forestry in Europe before they were
assessed for this purpose in their home region (e.g., Samuel, 2007).
During the 20th century, the transfer of tree germplasm for R&D
purposes increased further when several international provenance
trials were established for temperate and boreal species under the
auspices of the International Union of Forest Research Organiza-
tions (IUFRO) (see König, 2005). A series of IUFRO provenance trials
was established for P. sylvestris (in 1907, 1938–39 and 1982) and P.
abies (in 1938 and 1972), for example. The second IUFRO trial of P.
abies, which was planted in Europe and Canada, is probably one of
the largest trials ever established, involving 1,100 provenances
(König, 2005). The number of provenances tested in these trials
was, however, usually much lower, ranging from 20 to 50. Prove-
nance trials were also established for several other European trees,
such as Abies alba, L. decidua, Quercus petraea and Q. robur, as well
as for North American species including Abies grandis, Picea sitchen-
sis and Pseudotsuga menziesii. Many of these trials led to the iden-
tiﬁcation of provenances that were superior to local seed sources
(e.g., Madsen, 1995; Eriksson, 2010). The early reforestation and
R&D efforts contributed signiﬁcantly to the introduction of P. syl-
vestris and P. abies to 13 and 11 new countries, respectively, in Eur-
ope and other regions (Table 1).
In Canada, initial provenance trials of native trees were estab-
lished for Picea spp. in the 1930s and 1940s, and for Pinus banksi-
ana, Pinus resinosa and P. menziesii in the 1950s (Anon, 1997;
Orr-Ewing, 1962). In the USA, one of the earliest provenance trials,
established in 1926, was for Pinus taeda (Rogers and Ledig, 1996).
One of the largest provenance trials established in North America
included 140 seed sources of Pinus contorta planted in 60 locations
in British Columbia, Canada (Wang et al., 2010). Other tree species
received less attention in the Paciﬁc Northwest, but some prove-
nance research was also undertaken on Chamaecyparis lawsoniana,
P. sitchensis, Pinus lambertiana, Pinus monticola, Larix occidentalis,
Thuja plicata and Tsuga heterophylla.
P. taeda and P. menziesii have been introduced to 22 and 27
countries, respectively, beyond their native range (Table 1), making
them some of the most widely planted North American temperate
tree species in other continents, together with Pinus radiata, which
is an exceptional case in several regards. The natural distribution of
P. radiata is limited to a handful of remaining populations in Mex-
ico and the USA where it has no role in commercial forestry
(Rogers, 2004). The species was introduced into Australia in the1850s for ornamental plantings and R&D work started there one
hundred years later, resulting in signiﬁcantly improved germplasm
(Wu et al., 2007). Today, P. radiata is widely planted in diverse
countries including Chile and New Zealand, in addition to Australia
(Rogers, 2004).2.2. Fast-growing tropical and subtropical plantation trees
Germplasm transfer of currently widely-used tropical and sub-
tropical plantation trees such as Acacia, Eucalyptus and Pinus spp.
started soon after their native ranges were colonised by Europeans
(Bennett, 2011). The development of their historical transfer pat-
terns is similar to that of the temperate and boreal species:
large-scale tree planting efforts ﬁrst created demand for germ-
plasm transfer for production purposes and, later, germplasm
was also transferred increasingly for R&D.
By the 19th century, collection and export of Acacia and Euca-
lyptus spp. seed from Australia was well organized. During the
same century, eucalypts, including E. camaldulensis, E. globulus
and E. tereticornis, were widely planted throughout the temperate
and Mediterranean-like climatic regions of the world (FAO, 1979;
Freeman et al., 2007). Acacias such as A. saligna, A. cyclops and A.
longifolia were similarly exported to southern Africa (Carruthers
et al., 2011). Exploration, collection and assessment of these spe-
cies and the transfer of their germplasm for production purposes
were intensiﬁed in the 20th century, and more systematic R&D
work was initiated around 50 years ago. Eucalyptus camaldulensis
and E. globulus, for example, have been introduced from Australia
to 91 and 37 countries, respectively (Table 1). Of the more than
600 Eucalyptus species, just nine cover 90% of the planted eucalypt
area globally: E. camaldulensis, E. dunnii, E. grandis, E. globulus, E.
nitens, E. pellita, E. saligna, E. tereticornis and E. urophylla
(Harwood, 2011). Of the 1,012 Australian Acacia species, it is esti-
mated that 386 have been introduced by humans outside Australia
(Richardson et al., 2011), though R&D efforts in the last decades
have largely focused on just a few tropical species, most notably
A. mangium and A. crassicarpa. Today, A. mangium is estimated to
be planted in 25 countries outside its native range (Table 1).
In addition to Acacia and Eucalyptus species, the germplasm of
several fast-growing pines, predominantly from Central America,
Mexico and the southern Unites States, has been transferred for
establishing plantations throughout the tropics and subtropics. In
Mexico, one of the ﬁrst collections of Pinus patula seed was carried
out in the early 20th century and the material was transferred to
South Africa for establishing the ﬁrst pine plantations in the coun-
try (Butterﬁeld, 1990). The South African plantations then served
for many years as a seed source for other countries in southern
Africa (Butterﬁeld, 1990; Poynton, 1977). More systematic explora-
tion and collection of pine germplasm was done in Central America
and Mexico between the late 1950s and the early 1970s, focusing
on Pinus caribaea, Pinus maximinoi, Pinus oocarpa, Pinus greggii,
Pinus tecunumanii and P. patula. Subsequently, P. caribaea and P.
oocarpa, for example, have been introduced to 79 and 34 countries,
respectively (Table 1).2.3. High-value tropical hardwoods
The past germplasm transfer patterns of tropical hardwoods are
more diverse when compared to the above-discussed categories of
species. Some tropical hardwoods were introduced for production
purposes outside their natural ranges several hundred years ago,
long before systematic R&D efforts started. More recently, however,
germplasm of several tropical hardwoods was ﬁrst transferred for
R&D, and the results of this work then created interest and demand
for further transferring germplasm for production purposes.
Table 1
Natural and introduced distribution of selected tree species (according to CAB International, 2014).
Species Natural distribution by
region (number of
countries)
Total number of
countries within
natural distribution
Introduced distribution by region (number of countries) Total number of
countries within
introduced distribution
Acacia mangium Asia (1); Oceania (2) 3 Asia (9); Africa (7); Caribbean (1); Central America (2);
North America (1); South America (1); Oceania (4)
25
Azadirachta indica Asia (10) 10 Asia (5); Africa (50); Caribbean (16); North America (2);
South America (12); Oceania (6)
91
Casuarina equisetifolia Asia (10); Oceania (14) 24 Europe (5); Asia (14); Africa (46); Caribbean (29); Central
America (4); North America (2); South America (6);
Oceania (4)
110
Eucalyptus
camaldulensis
Oceania (1) 1 Europe (8); Asia (25); Africa (37); Caribbean (2); Central
America (6); North America (2); South America (9);
Oceania (2)
91
Eucalyptus globulus Oceania (1) 1 Europe (5); Asia (5); Africa (12); Caribbean (1); Central
America (1); North America (2); South America (10);
Oceania (1)
37
Picea abies Europe (24) 24 Europe (6); Asia (1); Africa (1); North America (2); Oceania
(1)
11
Pinus caribaea var.
hondurensis
Caribbean (3); Central
America (5); North
America (1)
9 Asia (15); Africa (28); Caribbean (9); Central America (2);
North America (2); South America (10); Oceania (13)
79
Pinus oocarpa Central America (5);
North America (1)
6 Asia (2); Africa (14); Caribbean (3); Central America (2);
South America (8); Oceania (5)
34
Pinus sylvestris Europe (31); Asia (8) 39 Europe (7); Asia (2); North America (3); Oceania (1) 13
Pinus taeda North America (1) 1 Asia (7); Africa (7); South America (6); Oceania (2) 22
Pseudotsuga menziesii North America (3) 3 Europe (26); Oceania (1) 27
Tectona grandis Asia (5) 5 Asia (16); Africa (24); Caribbean (4); Central America (6);
North America (2); South America (9); Oceania (4)
65
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tropical hardwoods. The large-scale transfer of its germplasm from
Asia to other continents started more than one hundred years ago.
Today, the species is estimated to be planted in a total of 65 coun-
tries outside of its native range (Table 1). Transferred germplasm of
T. grandis originated from multiple sources and this contributed to
the development of landraces in Africa and Central America. The
origins of these landraces are poorly understood, but historical
records and genetic studies have shed some light on the possible
routes of introduction, and the likely sources of germplasm. In
Africa, it appears that T. grandis was ﬁrst introduced to Tanzania
at the end of the 19th century, and from there to other countries
in East and (later) West Africa. The African landraces are reported
to originate from multiple and rather diverse seed sources in India,
Myanmar and possibly Java (Wood, 1967). These landraces have a
relatively high level of genetic diversity (Kjaer and Siegismund,
1996). No clear genetic relationship with T. grandis populations
in South India has been found (Fofana et al., 2008), but
Verhaegen et al. (2010) indicated that North India may have been
an important seed source for many African introductions. Several
other studies on the genetic diversity of T. grandis (e.g.,
Kertadikara and Prat, 1995; Shrestha et al., 2005; Sreekanth
et al., 2012) have also increased our understanding of the African
landraces, but they have not been able to reveal their exact origins.
In Central America, the ﬁrst introductions of T. grandis occurred in
Trinidad, where the seed probably originated from Myanmar and
India (Keogh, 1980). In the early 20th century, T. grandis was also
planted in Panama using a small seed lot presumed to originate
from India (Keogh, 1980). Subsequently, seed were collected from
these ﬁrst plantations in Trinidad and Panama for further introduc-
tions in Central America; such collections acted as bottlenecks,
reducing the genetic diversity of T. grandis germplasm in the region
(e.g., Kjaer and Siegismund, 1996).
Systematic R&D on T. grandis started long after the species was
introduced from Asia to other regions. According to Mathauda
(1954), one of the ﬁrst provenance trials for the species was estab-
lished in India in 1930. It was not until the early 1970s, however,
that the ﬁrst series of international provenance trials was estab-
lished. A total of 75 provenances, including many African and LatinAmerican landraces, were collected between 1971 and 1973 and
distributed for 48 trials established in India, Southeast Asia and
West Africa, as well as in Central and South America (Keiding
et al., 1986). These provenance trials continue to provide valuable
information on the performance and traits of T. grandis seed sources
for plantation and improvement programmes (Kjaer et al., 1995).
Khaya senegalensis offers an example of the second above-men-
tioned category of tropical hardwoods. For centuries, the species
was exploited for various purposes within its natural distribution
range in West and Central Africa (Karan et al., 2012), before intro-
duction to other regions started a few decades ago. In the late
1960s, K. senegalensis germplasm from 24 seed sources, spanning
11 of the 19 African countries where the species occurs naturally,
was transferred to Australia for R&D (Nikles, 2006; Nikles et al.,
2008). Later, K. senegalensis was established in Asia and tropical
America. There is continued interest especially in Australia to
transfer more germplasm for further R&D (Fremlin, 2011; Karan
et al., 2012). Other examples where tropical hardwood germplasm
transfer has increased following initial R&D include Swietenia mac-
rophylla and Cedrela odorata, the most important native hardwoods
of Central America. Since 1980, the demand for seed of these two
species and other native trees has increased considerably in Cen-
tral America, after R&D efforts spearheaded by the Tropical Agri-
cultural Research and Higher Education Centre (CATIE) and other
research institutes. This research demonstrated the potential of
these species to provide high quality timber from a relatively short
rotation. Today, S. macrophylla and C. odorata are also planted
widely in other regions, such as Africa and Asia.
There are many other emerging high-value tropical hard-
woods for which R&D has been intensiﬁed recently (e.g.,
ichols and Vanclay, 2012; Camcore, 2011; Midgley et al.,
2010). These include Milicia excelsa in Africa, Pachira quinata
and Terminalia amazonia in the tropical Americas, Ochroma pyra-
midale, Endospermum medullosum and Santalum spp. in the Paci-
ﬁc, and Dipterocarpus spp. in Southeast Asia. These species have
often been unsustainably harvested from natural forests, but
efforts are now being made to conserve their genetic resources
and to develop plantation-based industries (e.g., Thomson,
006; Camcore, 2011; Doran et al., 2012).
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Rural communities in parts of the tropics have planted trees
within their farming systems for millennia. In the process, tree
germplasm was sometimes widely exchanged, especially of food
trees, as best exempliﬁed by the ancient transfers of tree crops
such as Theobroma cacao and Bactris gasipaes in South and Central
America (Lentz, 2000; Clement et al., 2010; Powis et al., 2011).
Throughout the colonial period, many other transfers of tree com-
modity crop germplasm took place, including of T. cacao and Coffea
arabica, both important species in the past and still in the present
(see Dawson et al., 2014, this special issue). In the case of C. arabica,
modern cultivars are derived from two base populations known as
Typica and Bourbon that were transported from East Africa
throughout the tropics in the early 1700s. Theobroma cacao was
introduced into Indonesia by the Dutch from Venezuelan sources
in 1560 and by the Spanish into the Philippines in around 1600.
The French introduced T. cacao to multiple locations from the mid-
dle of the 17th century onwards, and the patterns of transfer and
introduction thereafter were complex. Forastero T. cacao trees
were apparently established from Brazilian sources on islands off
the coast of continental West Africa from the 1820s onwards,
before being transported to the mainland (see Mohan Jain and
Priyadarshan (2009) for references to both coffee and cacao germ-
plasm transfers in the colonial period).
The steps involved in the past global distribution of other impor-
tant agroforestry trees for small-scale farmers are generally less
well understood, until documentation improved in the last few dec-
ades. Transfers prior to then were often clearly extensive, however,
as evinced by the exotic nature of many of the tree species currently
grown by smallholders. This was illustrated by Koskela et al. (2010),
who undertook a review of the known indigenous and exotic distri-
butions of 120 tree species important for smallholder agroforestry
planting using the Agroforestree Database (AFTD, 2014). On aver-
age, the 120 tree species surveyed had been distributed to 21 coun-
tries beyond their native ranges (Koskela et al., 2010). Casuarina
equisetifolia, mainly used for timber, is believed to be the most
widely distributed agroforestry tree species, introduced to 110
countries outside its native range (Table 1). Other widely distrib-
uted agroforestry tree species include Azadirachta indica,Mangifera
indica and Leucaena diversifolia, providing medicine, fruit and fod-
der, respectively (Koskela et al., 2010).
Although inmore recent times the documentation of germplasm
transfers of agroforestry trees to support tropical agricultural prac-
tices has improved, much information, especially on the origin of
provenances and if any selection was undertaken, frequently still
remains unknown. This reﬂects a lack of attention by agricultural
development specialists to the quality aspects of tree germplasm
supply for smallholders (Graudal and Lillesø, 2007). As a conse-
quence, many current sources of planting material used widely by
smallholders are of undeﬁned (but almost certainly sub-optimal)
performance (see also Dawson et al., 2014, this special issue).3. Utilization of forest genetic resources
3.1. Research and development
With a few exceptions, forest genetic resources have been uti-
lized extensively in systematic R&D only for about 100 years. The
oldest form of R&D is the testing of tree species and their prove-
nances for different uses and under different environmental condi-
tions. The main purpose of provenance research has been, and still
is, the identiﬁcation of well-growing and sufﬁciently-adapted tree
populations to serve as seed sources for reforestation (König,
2005). Such research has shown that most tree species have a highdegree of phenotypic plasticity (i.e., large variation in phenotype
under different environmental conditions, e.g., Rehfeldt et al.,
2002) and that this varies between provenances (e.g., Aitken
et al., 2008). Since the 1990s, provenance trials have also demon-
strated their value for studying the impacts of climate change on
tree growth (e.g., Mátyás, 1994, 1996).
Many old provenance trials still exist and continue to provide
valuable information for R&D. Due to the long timeframe (often
in decades) to reach recommendations, however, it has been chal-
lenging for many countries and research organizations to maintain
trials, and to continue measuring them. Unfortunately, several
important trials have been abandoned and some collected data
lost. Furthermore, there are old trial data sets sometimes dating
back decades that have not yet been thoroughly analysed and pub-
lished (FAO, 2014). As provenance trials are costly to establish and
maintain, new approaches, such as short-term common garden
tests in nurseries and molecular analyses in laboratories, are
increasingly used for testing provenances (FAO, 2014). However,
while usefully complementary, these approaches cannot fully sub-
stitute for provenance trials, which are still needed for studying
long-term growth performance, including the plastic and adaptive
responses of tree populations to climate change (see Alfaro et al.,
2014, this special issue).
In addition to maintaining old provenance trials, it is necessary
to invest in establishing new ones. Some existing provenance trials
may suffer from problems related to sampling and test sites, for
example (König, 2005). The provenances sampled for trials may
not cover adequately the whole distribution range of a species,
and some provenances may be inadequately represented by
genetic material that has been collected from a few trees only.
Often, existing trials have not been established in marginal sites
that would be particularly useful for analysing climate change-
related tree responses. Furthermore, many trials were established
long before climate change became a research topic and the traits
that were or are being measured may not be the most important
ones in this context (Alfaro et al., 2014, this special issue).
The results of provenance research have been crucial for tree
breeding programmes, which mostly aim at gradual improvement
of breeding populations rather than the development of new vari-
eties (there are some exceptions, such as the breeding of eucalypts
and poplars). Tree breeding was initiated in a few European coun-
tries in the 1930s (Hitt, 1952), and by the 1950s many countries
across the world had established tree breeding programmes that
currently include around 700 tree species (according to FAO,
2014). Tree breeding is a rather slow process, as one cycle of test-
ing and selection may take decades, rather than the months or year
required in the breeding of most agricultural crops. The oldest tree
breeding programmes are now 50–70 years old, and the most
advanced of them are only in their third cycle of testing and selec-
tion (Neale and Kremer, 2011). Traditional tree breeding is based
on the phenotypic selection of individuals (plus trees), testing their
progeny and then selecting again the best individuals for the estab-
lishment of seed orchards and further breeding. Testing is usually
focused on growth, wood properties, resistance or tolerance to
pests and diseases, and other traits of commercial interest. More
recently, climate change-related traits such as plasticity and
drought tolerance have been increasingly considered by breeding
programmes (FAO, 2014). Molecular marker-assisted selection
(MAS) has raised hopes to reduce the time and money needed
for tree breeding, but the polygenic architecture of the traits and
the variable expression of quantitative trait loci across environ-
ments mean that progress remains difﬁcult when applying MAS
to forest trees (Neale and Kremer, 2011).
Tree breeding is mainly carried out by research institutes, coop-
eratives and public and private companies. The level of engage-
ment of different tree breeding programmes in international
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ing on the way they have organized their work and the availability
of ﬁnancial resources. In Australia, New Zealand and the United
States, a number of breeding cooperatives were formed early to
pool the resources of collaborators through joint breeding pro-
grammes for a number of tree species. The International Tree
Breeding and Conservation Program (Camcore), established in
1980, is a notable example largely funded by the private sector that
now has a global membership. Camcore’s early work focused on
Mesoamerican pines but now it convenes breeding programmes
for both conifers and broadleaves, and it has had a major role in
transferring tree germplasm for breeding purposes. From the
1980s, it undertook range-wide seed collections of 191 prove-
nances of six Mesoamerican pines (P. tecunumanii, P. oocarpa, P.
caribaea, P. maximinoi, P. patula and P. greggii) (Dvorak et al.,
1996) and it has established provenance or progeny trials at 823
locations in ten countries. Tree improvement programmes based
on the Camcore material for Pinus chiapensis, P. greggii, P. maximi-
noi, P. oocarpa and P. tecunumanii are at the stage where second
and third-generation ﬁeld trials have been established (Camcore
Annual Report, 2012).
In Europe, national research institutions operated 15–20 sepa-
rate breeding programmes often on the same species until 1990
(Pâques, 2013). This changed dramatically in the 1990s when bud-
gets of many research institutes were cut and the interest of poli-
cymakers in tree breeding decreased. As a result, tree breeding
programmes in Europe were forced to change their operating prac-
tices and to seek greater synergies through increased international
collaboration and coordination, sharing responsibilities and target-
ing fewer tree species. During the past 20 years, a number of pro-
jects, and especially the TreeBreedex project (2006–2010), have
supported the transformation of European tree breeding into a col-
laborative effort, carried out by a network of national institutions
sharing their research facilities, breeding material and ﬁeld tests
(Pâques, 2013). This new modus operandi now resembles the way
tree breeding has been carried out elsewhere for decades.
During the past decade or so, genetic analysis of forest tree pop-
ulations with molecular markers has strengthened R&D efforts and
has increased the transfer of DNA samples. Range-wide genetic
surveys were initiated for temperate tree species (e.g., Petit et al.,
2002; Magri et al., 2006) and they are now increasingly also con-
ducted for tropical species (e.g., Jamnadass et al., 2009; Kadu
et al., 2011). These studies have provided useful information on
the geographic structure of genetic diversity, knowledge of impor-
tance for the management of natural tree populations and for the
formulation of conservation strategies. Site-speciﬁc studies with
molecular markers have also been essential to better understand
ecological and genetic processes within tree populations (e.g., Lee
et al., 2006), and the impacts of forest fragmentation and logging
on them (e.g., Rymer et al., 2013; Wickneswari et al., 2014, this
special issue). Genomic developments and new markers, such as
those based on single nucleotide polymorphisms (SNPs), also offer
possibilities to survey adaptive diversity within tree populations
(Neale and Kremer, 2011). With the advent of new, ‘next genera-
tion’ sequencing technologies, genetic markers for almost any tree
species can now be developed at low cost (van der Merwe et al.,
2014; Russell et al., 2014).
3.2. Production and use of forest reproductive material
Tree seed crops often have high year-to-year variation, causing
remarkable ﬂuctuations in seed availability. This makes it desirable
to maintain seed storage capacity and maximise seed harvest dur-
ing mast years. However, many tree species (e.g., around 70% in
humid tropical forests; Sacandé et al., 2004) produce recalcitrant
or intermediate seed which lack dormancy and which are sensitiveto both desiccation and low temperature (see Pritchard et al., 2014,
this special issue). This makes it difﬁcult or sometimes impossible
to collect, transport, process and store these seed. For some tropi-
cal trees, the collection of naturally regenerated seedlings (wil-
dings) from forests is an alternative option for obtaining
reproductive material. However, this can be time consuming and
expensive, and the transplant success rate may be low. These prob-
lems have raised interest in vegetative propagation. The rooting of
cuttings has been used for centuries in Japan for producing repro-
ductive material of Cryptomeria japonica and today this is still the
most frequently used method for vegetative propagation in for-
estry (Wilhelm, 2005). During the past two decades, micropropa-
gation methods, such as microcuttings or somatic embryogenesis,
have also been increasingly deployed (FAO, 2004).
The seed of temperate and boreal trees used for forestry in Eur-
ope and North America are largely obtained from selected seed
stands and seed orchards. Within the European Union (28 coun-
tries), there are over 58,000 seed stands and nearly 1,700 seed
orchards producing seed of about 40 tree species (European
Commission, 2014). In Canada, there are 355 seed orchards pro-
ducing improved seed for 28 species (Natural Resources Canada,
2012), while in the USA around 150 breeding programmes produce
improved seed for more than 70 species (FAO, 2014). In Canada
and the USA, the vast majority of seed orchards are run by cooper-
atives involving both private and public sectors, while in Europe
seed orchards are often managed by government agencies or gov-
ernment-owned companies.
In the case of Acacia and Eucalyptus spp., until recently, bulk
seed collected from natural stands was the major source of mate-
rial for establishing plantations around the world. Today, new
plantations of these species are being established using improved
seed or by deploying clonal planting stock. Australia, Indonesia,
Malaysia and Vietnam all produce signiﬁcant amounts of geneti-
cally-improved seed of A. mangium. Seed orchard material is used
extensively for eucalypts originating from southern Australia
(notably E. benthamii, E. dunnii, E. globulus and E. nitens) as they
are generally difﬁcult to clonally propagate. The tropical eucalypts
(including E. camaldulensis, E. grandis, E. pellita, E. tereticornis and E.
urophylla) can be readily propagated by cuttings and this has
allowed widespread deployment of clones of pure species and
interspeciﬁc hybrids. Vegetative propagation of the tropical acacias
is less widespread than for tropical eucalypts. In clonal propagation
of A. mangium, for example, the ageing of clonal hedges leads to
loss of vigour of planting stock. The A. mangium  auriculiformis
hybrid, however, does not suffer this ageing problem and it is clon-
ally propagated on a large scale in Vietnam.
Notwithstanding the increased availability of genetically
improved material of Acacia and Eucalyptus species, signiﬁcant
quantities of wild seed are still exported from Australia for planta-
tion establishment (Singh et al., 2013). Furthermore, the establish-
ment of new breeding populations and the need to enrich the
genetic diversity of existing ones has maintained the demand for
collecting seed from natural stands of acacias and eucalypts. There
are, however, logistical difﬁculties in collecting from some loca-
tions, particularly for those species with natural distributions out-
side of Australia. Some important source populations have been
lost due to deforestation and urban encroachment in recent dec-
ades. This has encouraged breeding programmes to exchange their
germplasm instead of investing in new seed collections from natu-
ral populations.
Seed from Central American and Mexican pines are now largely
obtained from seed stands and seed orchards. The seed of P. cari-
baea are produced in commercial seed stands and seed orchards
in several countries (e.g., Australia, Brazil and Venezuela) and are
sold on the world market. In the case of P. patula, large-scale seed
producers include South Africa and Zimbabwe, which have exten-
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pine seed from natural populations also continues, with Honduras,
for example, selling large quantities of bulk seed of P. caribaea, P.
maximinoi and P. tecunumanii. The demand and supply of Central
American and Mexican pine seed have greatly ﬂuctuated over the
past 30 years, depending on the establishment rate of new planta-
tions and changes in seed production capacity, as new seed stands
and seed orchards mature. Currently, the available world-wide
seed production of P. caribaea, P. greggii, P. oocarpa and P. patula
appears to be able to meet demand, but in the cases of P. maximinoi
and P. tecunumanii demand exceeds supply.
For high value tropical hardwoods, the picture is rather differ-
ent. There are few improved seed sources available and seed is
mostly sourced from natural stands, plantations and even research
trials. Usually, the available seed supply cannot meet the strong
demand for plantation establishment. In the case of T. grandis, for
example, Kjaer and Suangtho (1997) found that (fairly large)
selected seed production areas in Thailand could only supply a
small portion of the seed needed by nurseries, because of very
low seed yield per tree. Low seed yield per tree is also a problem
in clonal seed orchards of the species (Kaosa-ard et al., 1998;
Nagarajan et al., 1996; Palupi and Owens, 1996; Varghese et al.,
2008; Wellendorf and Kaosa-ard, 1988). This problem, combined
with the low and sporadic germination of T. grandis seed, leads
to a low multiplication factor. To overcome these difﬁculties, veg-
etative propagation methods were developed for T. grandis in the
1980s (e.g., Guptha et al., 1980; Kaosa-ard et al., 1987). These
efforts have yielded positive results (Kaosa-ard et al., 1998) in
opening new opportunities for large scale deployment of the best
teak genetic resources, linking propagation work directly to testing
and breeding programmes (Goh et al., 2007).
The seed production of many agroforestry trees is often infor-
mal and very few countries have included these species in their
tree improvement programmes. Germplasm of exotic tree species,
typically from introductions of unknown provenance and unchar-
acterised performance, is often collected by smallholders directly
for their own planting. Lillesø et al. (2011), for example, identiﬁed
ﬁve sources for farmers’ tree planting material (farmland, natural
forest, plantations, seed orchards and vegetative propagules) and
indicated heavy reliance on the ﬁrst source, with natural forest
sources being underutilised. Farmers and local seed dealers often
prefer to collect seed from previously introduced exotic trees in
farmland rather than source externally because the transaction
costs are lower, even when better-performing seed sources of the
same trees may be available elsewhere (Lengkeek et al., 2005;
Muriuki, 2005). In recent decades, there has been a greater focus
on the cultivation of indigenous tree species in agroforestry sys-
tems, with the involvement of local people in carrying out genetic
selection for tree characteristics of importance to them. One such
approach, known as participatory domestication, has been devel-
oped in Africa on indigenous fruit trees (see Dawson et al., 2014,
this special issue). The advantage of this approach is that genetic
quality as a concept is explicitly considered, and local wild stands
provide signiﬁcant genetic variation that is a pool for selection
(Tchoundjeu et al., 2006).4. Concerns related to the transfer of tree germplasm
4.1. Phytosanitary aspects
The risk of spreading pests and diseases while transferring
reproductive material is often considerable. Pests and diseases tra-
vel in different substrates and it is challenging to monitor the way
they spread; for example, to reconstruct the exact pathways of
their past movements. In Europe, Santini et al. (2013) recon-structed the most probable pathways of alien invasive forest path-
ogen spread since 1800. They found that living plants (57% of all
pathogen introductions) and wood (10%) were likely major vectors
for introductions, while the share of any other pathway, such as
bark, seed, soil and cuttings, was less than 10% over the last two
centuries. According to the same authors, over the last few dec-
ades, the invasion rate of alien forest pathogens has increased
exponentially in Europe, with soil recently becoming a major
transfer substrate second to living plants. In the USA, a similar
study attributed 69% of the introductions of non-native forest
insects and pathogens since 1860 to the trade in living plants
(Liebhold et al., 2012). These studies conﬁrm the need for phyto-
sanitary regulations and their careful implementation while trans-
ferring tree germplasm. However, they also show that the
pathogen risk associated with transferring seed is considerably
lower than the risk connected with transferring other materials
such as living plants or wood. Living plants are mostly imported
from other regions for ornamental purposes, rather than for for-
estry production.
A global review of 25 countries indicated around three times as
many indigenous forest pests (a total of 344 insect, pathogen and
other species reported) as introduced ones (101 species), and that
most of the introduced pests (72 species) occurred only in planted
forests (FAO, 2009). Many recently-emerged infectious diseases are
caused by fungal and fungal-like pathogens such as Fusarium cir-
cinatum. This serious disease has caused widespread mortality of
P. radiata in its natural range, is a serious problem in nurseries
(Steenkamp et al., 2014), and hampers planting in South Africa
(Mitchell et al., 2013). The transfer of conifer germplasm from
affected regions to countries that are thus far free of this disease
(e.g., Australia and New Zealand) is strictly controlled, meaning
that further genetic infusions from natural stands into Australasian
breeding populations cannot in practice occur.
Despite phytosanitary measures, a number of signiﬁcant pest
and disease outbreaks have occurred in Asia and Australasia during
the last decade. In Australia, a recent (identiﬁed in 2010) introduc-
tion of Puccinia psidii, an exotic rust that threatens a broad range of
native Myrtaceous genera (e.g., Corymbia, Eucalyptus and Melaleu-
ca; Pegg et al., 2012), has spread rapidly in wild coastal forests
and plantings. Some tree species have been found to have little
resistance to the disease and work is being undertaken to deter-
mine which are most at risk; containing the disease is now thought
to be impossible. In the humid tropics, Ceratocystis spp. diseases of
acacias (Tarigana et al., 2011) have become widespread, particu-
larly in Indonesia and Malaysia. Acacia mangium, the most impor-
tant plantation species in many tropical lowland locations,
appears to have very little resistance to Ceratocystis, and where dis-
ease occurs growers are often forced to plant other, less-productive
tree species. In India and parts of Southeast Asia (notably Thai-
land), the Middle East and Africa, extensive damage to eucalypt
plantations (particularly E. tereticornis, E. camaldulensis and hybrids
involving these species) has been caused by a gall wasp, Leptocybe
invasa (Kim et al., 2008). Again, this has forced growers to deploy
alternative species and hybrids.
Restricting the spread of these diseases is a major challenge. In
many parts of the world, this and invasiveness features (see Sec-
tion 4.2) have led policymakers to focus their attention on the
potential negative consequences of transferring tree germplasm.
These risks partly explain why germplasm transfer is being
increasingly controlled, in some cases even beyond the agreed phy-
tosanitary regulations. Climate change is posing another challenge
for containing the spread of pests and diseases. There is growing
evidence that climate change is accelerating invasion by altering
the environment for forest pests and diseases, by stressing tree
populations that then become more sensitive to attack, and by
facilitating the establishment of alien plant and animal species in
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2014, this special issue).
4.2. Invasiveness of introduced tree species
Introduced tree species can sometimes become invasive of agri-
cultural and natural ecosystems, and there has been much debate
in the literature about this danger (e.g., Richardson et al., 2011).
Many introduced tree species have been recognized as invasive
only fairly recently, despite the long history of the transfer of tree
germplasm. A global survey conducted by Richardson and
Rejmánek (2011) found a total of 357 introduced tree species
known to be invasive in some part of the world. The majority of
species were introduced for horticulture, but some were intro-
duced for forestry and agroforestry (Richardson and Rejmánek,
2011). Better-studied taxa, such as Pinus spp. and Australian Acacia
spp., are considered as model groups in plant invasion ecology
(Richardson, 2006; Richardson et al., 2011), but in many other
cases little is known about invasiveness.
The case of Australian acacias illustrates the beneﬁts and risks:
an introduced species can be simultaneously a commercially
important crop and, if it escapes from plantations, an invasive.
Not all introduced tree species of invasive genera, however, turn
out to be weedy in new environments. Of the 386 acacia species
that have been transferred outside of Australia, only 23 are cur-
rently invasive (Richardson et al., 2011). Although they are rela-
tively few, these invasive acacias have caused signiﬁcant damage
to natural ecosystems, especially in Mediterranean-type climatic
regions (Gaertner et al., 2009). In South Africa, for example, nine
Australian acacias are classiﬁed as ‘major invaders’ and another
three are considered as ‘emerging invaders’ (Nel et al., 2004). In a
review of tree invasions, Lamarque et al. (2011) noted that large
propagule pressure is often an important factor for an introduced
species to become invasive. A similar conclusion was made by
Proches et al. (2012), who reported that the number of experimen-
tal plantings strongly correlated with the invasive range size of cer-
tain pines in southern Africa. In northern Europe, Kjaer et al. (2014)
observed that the few introduced tree species planted on a large
scale were the ones that created invasiveness problems later.
The beneﬁts and risks of introduced tree species change over
time and include social aspects. This is illustrated by the introduc-
tion of several Prosopis species from Latin America to Africa, Aus-
tralia, India and other tropical regions of the world at the end of
the 19th century. These introductions were ﬁrst considered very
valuable sources of shade, fodder, fuel wood and other products
(e.g., gums, honey and resins), as they were able to grow in
extreme conditions (Felker, 2009). Later, in the 1960s, the ﬁrst
signs of infestation appeared and the negative impacts of Prosopis
species in some areas came to be perceived to outweigh the posi-
tive effects (Shiferaw et al., 2004; Van Klinken and Campbell,
2001).
These examples show that the environmental risks related to
the introduction of tree species have been underestimated in the
past. However, awareness of these risks has grown in recent years,
and the invasive potential of tree species is now considered more
carefully before any new introductions.
4.3. Genetic pollution and hybridization
The risks of genetic pollution and hybridization are related to
the transfer of tree germplasm to an area where the same or a
related species already occurs. Hybridization and introgression
are natural evolutionary processes (Arnold, 1992), but the term
‘genetic pollution’ usually refers to a situation where the mixing
of gene pools, between different individuals of the same or related
species, has been initiated by, or signiﬁcantly inﬂuenced through,human activity. If the seed source used is not local, then planted
trees are likely to have a different genetic composition from wild
stands, and crossing between them could lead to the dilution and
loss of unique diversity in the wild. The subsequent breakdown
of co-adapted gene complexes could lead to outbreeding depres-
sion (Ledig, 1992).
Genetic pollution has been reported for many forest trees. One
of them is Juglans hindsii, which is known to have hybridized with
many congeners imported for commercial purposes (Rhymer and
Simberloff, 1996). Another well-known example is Populus nigra,
which was once widespread but is now extirpated over large parts
of Western Europe (Lefèvre et al., 2001). Its habitats have been con-
siderably reduced by the past transformation of rivers to canals
and its gene pool is threatened by the large-scale cultivation of
hybrid poplars (Smulders et al., 2008). Other examples are Platanus
racemosa, which is currently disappearing from its native range
through introgression with Platanus  acerifolia (Rhymer and
Simberloff, 1996), and the genetic pollution of native gene pools
of eucalypts resulting from plantation establishments in Australia
(Potts et al., 2004). Concerns have also been expressed that culti-
vated-wild tree hybridisation could result in traits introduced into
cultivars through genetic modiﬁcation (GM) being transferred into
natural stands, with potentially signiﬁcant evolutionary conse-
quences in the wild (see Delplancke et al. (2012) for concerns
regarding cultivated Prunus dulcis and wild Prunus orientalis).
The environmental risks associated with genetic pollution were
largely ignored in the past and it is important not to overstate
them now. Strong barriers to hybridisation exist between some
related species, such as differences in ﬂowering time or the poor
ﬁtness of hybrids, which reduce the risks. One approach to reduce
the potentially negative impacts of cultivated-wild tree hybridisa-
tion is to deliberately isolate cultivated material or to plant exotic
rather than indigenous trees around natural forests and woodlands
(Potts et al., 2001). More research is required on the magnitude of
outbreeding depression in tree species, as it remains a relatively
understudied phenomenon, with evidence limited mostly to inter-
speciﬁc hybrid segregants (Ellstrand, 2003; Edmands, 2007). The
topic is discussed further in other papers of this special issue
(Wickneswari et al., 2014; Thomas et al., 2014).5. Implications of the Nagoya Protocol on the forestry sector
Fair and equitable sharing of the beneﬁts arising out of the uti-
lization of genetic resources is one of the three objectives of the
CBD (CBD, 1992). Article 15 of the CBD enshrines the sovereign
rights of national governments over their natural resources and
gives them the authority to determine access to genetic resources.
The CBD also encourages its Parties to facilitate access to genetic
resources, based on mutually agreed terms (MAT) and subject to
prior informed consent (PIC), by taking appropriate legislative,
administrative and policy measures. To help the Parties in this pro-
cess, the CBD adopted the so called Bonn Guidelines in 2002 (CBD,
2002). These voluntary guidelines recommend that each Party
should designate a national ABS focal point, which should then
make available information on competent national authorities
and procedures for acquiring PIC and MAT through the CBD clear-
ing-house mechanism. As of May 2014, only 57 of the 193 Parties
to the CBD had implemented some ABS measures (CBD, 2014) and
only 33 Parties had designated one or more competent national
authorities for ABS.
The poor implementation record of the earlier CBD commit-
ments on ABS partly explains why under the Nagoya Protocol it
is required for Parties to implement appropriate legislative, admin-
istrative and policy measures, and to set up operational adminis-
trative structures and procedures for providing access to genetic
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commitments in two important aspects (Halewood et al., 2013a).
First, the Nagoya Protocol requires its member states to obtain
PIC from indigenous and local communities prior to accessing
genetic resources and associated traditional knowledge. Second,
it also obliges the member countries to establish mechanisms for
monitoring compliance with foreign ABS laws and agreements,
and to facilitate their enforcement.
The Nagoya Protocol is based on a bilateral approach in which a
provider and a user of genetic resources agree the MAT. However,
this approach may produce disappointing results not only in ensur-
ing fair and equitable sharing of beneﬁts, but also in promoting
R&D and biodiversity conservation. Winter (2013) argued that
the bilateral approach is likely to prejudice both the horizontal
(i.e., among states having the same genetic resource or among
communities holding the same traditional knowledge) and vertical
(i.e., between providers and users) dimensions of equity. In the ﬁrst
case, the most ‘advanced’ provider states or communities can
promptly secure their beneﬁts and establish their ‘dominance’ in
the market. This could lead to the exclusion of other providers that
have lower capacity to set up the necessary measures and struc-
tures. Furthermore, potential competition between providers may
lead to the lowering of access conditions. In the second case, pro-
viders may lose beneﬁts as it is often difﬁcult to bilaterally monitor
the long processes of R&D and commercialization. As a result, pro-
viders may start restricting legal access to genetic resources in
order to minimize the assumed lost beneﬁts (Winter, 2013).
To alleviate these concerns, the ‘common pool’ approach has
been proposed as more suitable, especially for genetic resources
used by the agriculture and forestry sectors (e.g., Halewood et al.,
2013b; Winter, 2013). Under this concept, genetic resources are
provided for common use and the R&D beneﬁts are shared
between providers and users. A special feature of common pools
is that different stakeholders often act both as providers and users
in contributing (resources or results) to the R&D process. Common
pools, such as farmers’ seed exchange systems or networks of col-
lections or databases, can operate at local, national or international
levels, and they are often regulated by participating actors rather
than states (Winter, 2013). The International Treaty on Plant
Genetic Resources for Food and Agriculture (ITPGRFA), which
entered into force in September 2004, is a rare example of a com-
mon pool approach that has been given an international legal
framework. However, the common pool approach is also not ﬂaw-
less; some actors may enjoy the common beneﬁts without sharing
their genetic resources or the results of their R&D work, if the rules
of engagement are unclear or if they are not properly enforced
(Halewood et al., 2013b).
The provisions of the Nagoya Protocol do not apply for those
genetic resources that are covered by a specialized international
ABS instrument such as the ITPGRFA, which was designed for
major food crops and forages. This has led to discussion on
whether the ITPGRFA could be extended to cover other plant spe-
cies or, alternatively, whether one or more new sector-speciﬁc ABS
instruments should be negotiated to cover the genetic resources of
aquatic species, farm animals, forest trees and micro-organisms
and invertebrates. Article 4 of the Nagoya Protocol allows the Par-
ties to develop and implement specialized ABS agreements, pro-
vided that they are supportive of the CBD and the Nagoya
Protocol. However, it takes years to develop such specialized ABS
agreements. Therefore, once the Nagoya Protocol enters into force,
it will set the ABS framework for the genetic resources of non-crop
species including forest trees.
The direct impacts of the Nagoya Protocol on the forestry sec-
tor’s R&D work are likely to be immediate and signiﬁcant. The ﬁrst
problem is the entry into force of the Protocol before all signatory
countries have created a fully functional ABS regulatory system.This will slow down, or even block, the process of obtaining PIC
and negotiating MAT with certain nations. Countries are expected
to designate one or more competent national authorities to provide
PIC in a transparent and cost-effective manner, and to establish
clear rules and procedures for negotiating MAT. This means that
the state will play a central role in the ABS process and that the
competent national authority is likely to be a ministry or a state-
funded agency. Depending on the importance of forests and the for-
estry sector in a given country, the state authority responsible may
be the ministry for the environment, for agriculture, for forestry, or
for natural resources. In some countries, the responsibility for for-
ests and forestry is shared between ministries; the ministry of the
environment may be charged with the conservation of forest biodi-
versity, and the ministry of agriculture with forestry production,
including the management of forest genetic resources. This makes
it possible that competing interests among different ministries
and their agencies further delay the establishment of a functional
ABS system. Furthermore, as some countries are likely to favour a
very centralized approach and designate only a single national
authority for all ABS arrangements regardless of sector, this
increases the risk that ABS issues related to forest genetic resources
are tasked to an agency with limited competence in forestry. On the
other hand, such centralization can bring beneﬁts, such as in
increasing awareness of the necessary steps to obtain PIC and in
bringing clarity to legal processes (Louaﬁ and Schloen, 2013).
Once a functional ABS system has been established at the
national level, the Nagoya Protocol is likely to bring further
changes to previous exchange practices in the forestry sector that
have often been rather informal. The ABS system will add a new
layer of administration and increase the transaction costs and time
needed to obtain forest genetic resources for R&D purposes. Both
providers and users of forest genetic resources will need to take
this into account in future R&D projects, and start to build their
legal and technical capacity. A hypothetical example of establish-
ing a new range-wide provenance trial for a tree species illustrates
the future challenges in compliance. A typical multi-locational
provenance trial may involve obtaining seed from, say, 10 coun-
tries and establishing the trial in each of the same nations. Each
country should then provide 9 PICs as a provider, and agree 9 MATs
as a provider and another 9 as a user. It may take several months, if
not years, for the project coordinator of such a trial to arrange the
necessary documentation.
Louaﬁ and Schloen (2013) pointed out that transaction costs
should not exceed the expectedmonetary and non-monetary bene-
ﬁts for a user of genetic resources, and that the expected beneﬁts for
a provider should be higher that the costs of running an ABS regula-
tory system. It is difﬁcult to contemplate how in future these condi-
tions will be seen to be met in the forestry sector for many multi-
locational provenance trials where beneﬁts are often, at least ini-
tially, intangible. Furthermore, when DNA samples of tree popula-
tions are exchanged for range-wide genetic diversity assessments,
the results bring no direct monetary beneﬁts though they contrib-
ute to conservation andmanagement. At issue, then, is how to quan-
tify this value. High transaction costs may therefore severely affect
R&D work in the forestry sector, where budgets mostly rely on lim-
ited public and private funding. Delays in establishing fully func-
tional and transparent national ABS regulatory systems could also
create an incentive to circumvent the law by claiming that R&D
material is being transferred solely for production purposes.6. Conclusions
Over the past two centuries, forest genetic resources have been
increasingly transferred by humans for production and R&D pur-
poses. The historical transfer pattern of most boreal and temperate
J. Koskela et al. / Forest Ecology and Management 333 (2014) 22–34 31tree species, and of fast growing tropical and subtropical ones, is
rather similar: germplasm was ﬁrst transferred for reforestation
and plantation establishment, before systematic R&D started later,
during the 20th century. The early transfers of some tropical hard-
woods also followed this pattern, but in recent decades germplasm
of several tropical hardwoods has been ﬁrst transferred for R&D and
then deployed for establishing plantations. The transfer patterns of
tree species used for agroforestry are more mixed and are less well
documented. Overall, advances in R&Dwork in the forestry sector in
different parts of theworld have shifted germplasmdemand toward
species and provenances expected to perform well at speciﬁc sites
for particular functions, bringing signiﬁcant productivity beneﬁts.
Provenance trials have been the backbone of R&D work on for-
est genetic resources. However, their contributions to the develop-
ment of the forestry sector are not always well acknowledged and
they are often considered too expensive to establish and maintain.
A change in attitude by budgetary authorities, in which provenance
trials are treated as a valuable asset and are maintained accord-
ingly, is required. New research approaches, such as short-term
common garden tests, provide results earlier and can therefore
complement provenance trials. However, provenance research is
still needed in some form for all planted tree species (FAO,
2014). Recent advances in forest genomics have increased our
understanding of the genetic basis of adaptive and other traits,
but it is unlikely that molecular marker-assisted approaches will
quickly replace traditional tree breeding. Furthermore, provenance
trials and progeny tests are complementary with genomic
research, as it is necessary to link genomic and phenotypic data.
During the period 2005–2010, the global area of planted forests
increased by 4.2 million hectares per year and reached 7% of total
global forest area (FAO, 2010). This indicates that the demand for
tree germplasm transfer remains high and it is likely to further
increase in the near future. Globally, seed production of boreal
and temperate trees, and of fast growing tropical and subtropical
trees, often seems to meet or exceed demand for tree planting.
The germplasm of many of these tree species is largely obtained
from improved seed sources. In the case of tropical hardwoods,
however, global demand is generally higher than supply from
tested or improved seed sources, and seed is collected instead from
untested and poorly documented sources. The seed of agroforestry
trees are often harvested and deployed locally, making it difﬁcult
to evaluate the global situation.
Many countries still encounter problems related to the quantity
and quality of forest reproductive material (FAO, 2014). This is
often due to the lack of well-functioning national seed production
and delivery systems that would reach all the diverse users of tree
germplasm. Long-term investments in establishing and maintain-
ing these systems are essential inputs to the development of the
forestry sector, especially in developing countries. Governments
and their agencies should develop regulatory frameworks, guide-
lines and training programmes to enable more active participation
of the private sector in seed production and distribution (Graudal
and Lillesø, 2007).
Transfers of tree germplasm involve some risks of spreading
pests and diseases, of introducing invasive tree species and of pol-
luting the genetic make-up of existing tree populations. Many of
these risks have been underestimated in the past, but they are
now increasingly analysed, and measures are being taken to mini-
mize them while transferring germplasm. Risks should be consid-
ered in the context of the large beneﬁts that people receive
worldwide from transferred tree germplasm (these beneﬁts need
better measuring; Dawson et al., 2014, this special issue). Recon-
structions of the historical movements of forest pathogens indicate
that the risk of spreading pests and diseases while transferring
seed is considerably lower than when moving living plants and
other substrates (Liebhold et al., 2012; Santini et al., 2013).Today, while phytosanitary regulations are rightly in place to
control the transfer of tree germplasm, they are in our view unfor-
tunately sometimes applied beyond their original purpose, limiting
R&D activities. Of the nearly 360 tree species invasive in some part
of the world (Richardson and Rejmánek, 2011), most have been
introduced for horticultural purposes. However, several tree spe-
cies used for forestry have also become invasive, so there is a need
to consider weediness potential carefully. Although germplasm
transfers can cause genetic pollution, hybridisation and introgres-
sion between new and existing stock also create opportunities, as
novel genetic combinations can enhance the adaptation of tree pop-
ulations to climate change (see Alfaro et al., 2014, this special issue).
With the implementation of the Nagoya Protocol, it is expected
that current practices for transferring tree germplasm for R&D pur-
poses will change, increasing transaction costs. Many countries are
likely to struggle to establish a well-functioning national ABS reg-
ulatory system. This will likely slow down and sometimes will
block the transfer of tree germplasm for R&D. Such a situation is
unfortunate, as climate change, outbreaks of pests and diseases,
and other ongoing productivity challenges, all increase the need
for transferring tree germplasm to accelerate R&D. The continued
need for germplasm transfers for research is well recognized by
scientists and research institutes, who are pressing their govern-
ments to minimize the bureaucracy and costs related to the imple-
mentation of the Nagoya Protocol. Needs and options for
specialized ABS arrangements for forest genetic resources to
address concerns related to the Nagoya Protocol are also being
explored by policymakers, in the context of FAO’s Commission on
Genetic Resources for Food and Agriculture.
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